Families with breast and ovarian cancer are often tested for disease associated sequence variants in BRCA1 and BRCA2. Pathogenic sequence variants (PVs) in these two genes are known to increase breast and ovarian cancer risks in females. However, in most families no PVs are detected in these two genes. Currently, several studies have identified other genes involved in hereditary breast and ovarian cancer (HBOC). To identify genetic risk factors for breast and ovarian cancer in a Norwegian HBOC cohort, 101 breast and/or ovarian cancer patients negative for PVs and variants of unknown clinical significance (VUS) in BRCA1/2 were screened for PVs in 94 genes using next-generation sequencing. Sixteen genes were closely scrutinized. Nine different deleterious germline PVs/likely pathogenic variants (LPVs) were identified in seven genes in 12 patients: three in ATM, and one in CHEK2, ERCC5, FANCM, RAD51C, TP53 and WRN. Additionally, 32 different VUSs were identified and these require further characterization. For carriers of PV/LPV in many of these genes, there are no national clinical management programs in Norway. The diversity of genetic risk factors possibly involved in cancer development show the necessity for more knowledge to improve the clinical follow-up of this genetically diverse patient group.
encoding proteins involved in homologous recombination repair, the same pathway in which BRCA1 and BRCA2 are involved, are frequently reported with pathogenic findings in HBOC cases. These genes include the previously mentioned CHEK2, ATM and PALB2, together with NBN, RAD50, RAD51C, RAD51D and BRIP1 9, 10, [12] [13] [14] . In addition, PVs in genes from the overlapping Fanconi Anaemia (FA) pathway and mismatch repair (MMR) pathway have been identified in BC and OC patients 7 . Several NGS studies revealing PVs/LPVs in other genes than BRCA1/2 in HBOC cancer patients have been published over the last years [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, no such study has been reported on HBOC patients in Norway. Identification of the population-specific mutation spectrum is critical, since accumulation of certain genetic aberrations may occur within a population. In the present study, we included Norwegian women diagnosed with BC and/or OC, for whom no BRCA1 or BRCA2 PV/LPV/variant of unknown clinical significance (VUS) have been identified.
Results
A total of 101 BC and/or OC patients with no BRCA1/2 PVs, LPVs or VUSs were included in the study ( Supplementary  Table S1 ). In Fig. 1 , diagnosis and age at onset represented in 10-year intervals are displayed. The majority of the patients were diagnosed at age 50-59 in all three diagnosis groups (BC, bilateral BC and OC).
Samples from the 101 patients were investigated for the presence of nonsense or frameshift variants in 94 genes. In addition, 16 genes were scrutinized for missense, deletions, insertions, and possible splice-affecting variants ( Table 1 ). The average coverage of the examined regions for samples from group 1 and 2 was 532.7 reads (S.D. 138.9). The average coverage information was not available for samples in group 3 where only Virtual Contact File (VCF) and Binary Alignment Map (BAM) files were studied. However, since all three sample groups were analyzed in an identical manner, similar coverage can be inferred.
Identified variants.
For the analysed regions, on average 203.4 variants (range: 170-247) in all 94 genes were reported per patient. After filtration, on average 1.1 variant (range: 0-4) per patient remained, which resulted in a total of 77 unique variants. Of these 77 variants, nine were classified as PVs/LPVs (Table 2) , 32 classified as VUSs (Table 3 ) and 36 were classified as benign/likely benign ( Supplementary Table S2 ). The nine unique PVs/LPVs were found in seven genes (ATM, CHEK2, ERCC5, FANCM, TP53, RAD51C and WRN) in 12 patients ( Table 2 and Fig. 2 ).
Variants according to diagnosis and age-groups. Four of the 12 patients with PVs/LPVs findings were diagnosed with BC between ages 50-59 years. Additional three patients with PVs/LPVs were diagnosed with BC between 30-39 years, 40-49 years and 60-69 years old. Five PVs/LPVs were identified in patients diagnosed with ovarian cancer. Interestingly, no PVs/LPVs/VUSs were identified in two patients diagnosed with both OC and BC (P-18 and P-68). In P-68 the only identified variant passed filtration was the likely benign MLH1 c.-7C>T, in cis (confirmed by manual investigation in the Integrative Genomics Viewer (IGV)) with MLH1 c.-28A>G (c.[-28A>G; -7C>T]) ( Supplementary Table S2 ) and none were identified in P-18.
Variants in genes exclusively investigated for frameshift and stop variants. Five different variants
were detected in the genes that were exclusively investigated for frameshift and stop variants. These five variants were located in ERCC5, FANCF, FANCM and WRN and were found in P-8, P-41, P-44, P-48 and P-90 (Tables 2 and 3) . One of the patients (P-48) had two nonsense variants, in two different genes, FANCF c.1087C>T p.(Gln363*) and WRN c.4216C>T p.(Arg1406*). The FANCF variant was classified as VUS (Table 3) as this gene consists of only one exon and the variant therefor presumably results in the loss of the terminal 12 amino acids of a protein region, instead of undergoing nonsense mediated mRNA decay (NMD). However, the variant has a low population allele frequency in gnomAD (0.0071%) and has previously been reported in the literature as pathogenic by Quezada Urban et al. 20 . In ClinVar, it is reported as a VUS. The WRN c.4216C>T was classified as non-pathogenic due to its high allele frequency in the South Asian population (1.7% and 10 homozygotes in gnomAD). Additionally, this variant was classified as benign in ClinVar and listed as "DM?" ("Disease causing mutation?" = Variant reported as likely disease causing, but with questionable pathogenicity) in the Human Gene Mutation Database (HGMDp).
Two interesting cases.
Five of the 12 patients with a PV/LPV also had a VUS in one of the 16 genes more closely scrutinized (Tables 1 and 2). One of these patients (P-31) was diagnosed with OC and was heterozygous for the pathogenic sequence variant c.3245_3247delinsTGAT in ATM. Her sister (P-32), who was equally diagnosed with OC and likewise included in this study, did not have this variant. However, both sisters were heterozygous for a VUS in BRIP1 (c.2087C>T p.(Pro696Leu)). Figure 3 depicts the pedigree of the two sisters (P-31 and P-32).
The TP53 variant identified in this study was the pathogenic c.818G>A. This variant was identified in patient P-13, whose pedigree does not resemble a classic Li-Fraumeni family ( Fig. 3 ).
Discussion
In this study, 101 patients were screened for the presence of deleterious sequence variants in 94 cancer associated genes. We identified PVs/LPVs in 12 patients, in seven different genes ( Table 2 and Fig. 2 ). In total, 9 different PV/ LPVs were identified, including one novel sequence variant in ERCC5 (c.67G>T). In addition, we detected 32 VUSs including six variants not previously described (Table 3) .
These findings correspond to a total finding percentage of 12% in the investigated patient cohort (Fig. 2) , which was in concordance with Pinto et al., Aloraifi et al. and Schubert et al. 11, 15, 21 . However, these finding percentages were higher than for several other studies (ranging from 4.7-9% in BRCA1/2-negative patients) 9,14,16-19,22-24 . In several of these studies, the majority of PVs/LPVs were identified in ATM, CHEK2 and PALB2. In our study, the majority of the PVs/LPVs were identified in ATM and CHEK2, in four and two patients, respectively (Fig. 2 ).
However, whereas several studies identified PVs in PALB2, we did not detect any. Comparison of these studies was challenging, since the gene panels and/or the studied cohort differed between most of them.
The study included in total 83 patients with BC and 20 patients with OC (two overlapping, diagnosed with both BC and OC) ( Fig. 1) . Seven of the patients diagnosed with BC were found to carry a PV/LPV, corresponding to findings in 8.4%. Furthermore, five of the 20 patients (25%) diagnosed with OC were found to carry a PV/LPV. These percentages correspond well with the estimated disease burden of BC and OC cases due to inherited PV/ LPVs, 5-10% and ~25%, respectively 25, 26 . However, in the current study, a small number of patients were included and caution should be taken when comparing with other studies. Screening of a larger amount of patients might change the observed finding percentage.
One of the most frequently identified mutated genes in the studied cohort was ATM. Biallelic deleterious ATM variants cause Ataxia Telangiectasia (A-T) 27 . However, heterozygous carriers of deleterious variants have an increased risk of breast cancer [28] [29] [30] [31] [32] . Although we do not diagnostically test for ATM variants in HBOC families, patients with a family history of BC/OC and an identified PV/LPV in ATM (sequenced elsewhere) are offered additional follow-up, including mammography from 40 years of age. This has been established in concordance with the other Departments of Medical Genetics in Norway. However, the cancer risk of PVs in ATM may still be debatable. Patient P-2, diagnosed with BC at 57 years of age, was a carrier of the pathogenic ATM c.3245_3247delinsTGAT ( Table 2) . This variant has previously been identified as a pathogenic variant and is a Norwegian founder mutation 33 . The same variant was also identified in a patient diagnosed with OC (P-31). The latter patient had a sister (P-32) who was diagnosed with OC at age 52. However, the ATM c.3245_3247delinsT-GAT variant was exclusively present in P-31 ( Fig. 3 ). Furthermore, both sisters were carriers of a VUS in BRIP1 (c.2087C>T p.(Pro696Leu)) ( Table 3 ). Pathogenic variants in BRIP1 have been associated with increased risk of OC [34] [35] [36] , but it remains to be investigated whether the germline variant in BRIP1 is the cause for the ovarian cancers in both sisters.
Another ATM variant identified in our cancer cohort was the pathogenic c.5932G>T variant. This variant was identified in a woman (P-91) diagnosed with BC at age 54. ATM c.5932G>T is predicted to be a nonsense variant, p.(Glu1978*), however, this variant has previously been shown to be a splice-affecting variant resulting in skipping of exon 40 and introducing a premature stop codon; p.Ser1974Ilefs*4 37 . This variant has been shown to be associated with HBOC in several studies 16, 37, 38 .
A third ATM variant was the c.8432delA p.(Lys2811Serfs*46). This variant was identified in a patient diagnosed with OC at age 38.
The three variants in ATM found in the present study were frameshift variants leading to a premature stop-codon and have been previously identified as disease associated variants identified in the Scandinavian A-T cohort 33 . It has long been debated whether a monoallelic truncating ATM variant may increase cancer risks. Some studies indicate that truncating variants lead to increased cancer risk 28, 29, 31 , whereas others claim that missense variants exerting a dominant negative outcome are responsible for the associated increased cancer risk. In a 30 , they found marginal evidence that protein-truncating and splice-junction variants contribute to breast cancer risk, and stronger evidence that some evolutionary rare missense variants increase cancer risk.
The likely pathogenic CHEK2 c.319+2T>A variant identified in this study has previously been identified in another Norwegian patient diagnosed with thyroid cancer at age 31, BC at 43 and 48. Her family history included both BC and endometrial cancer 39 . Two of the patients in our cohort were carriers of this CHEK2 variant (P-12 and P-16; Table 2 ). P-12 was diagnosed with OC at age 27, while P-16 was diagnosed with OC at age 70. Interestingly, P-12 was also heterozygous for a VUS, the novel CDH1 c.136C>G p.(Leu46Val).
Another interesting CHEK2 variant is c.470T>C p.(Ile157Thr) in exon 4. This variant is well characterized and proposed as low-penetrant variant which is estimated to give a lifetime BC risk of 18.3% 40 . This variant was identified in P-59, diagnosed with BC at age 58 The variant is however categorized as a VUS, due to the high allele frequency in the Finnish population in gnomAD (2.50%), although this may be in concordance with the low increase in BC risk.
Deleterious variants in TP53 are the cause of Li-Fraumeni syndrome (LFS), a cancer predisposition syndrome associated with the development of various tumours: soft tissue sarcoma, osteosarcoma, pre-menopausal breast cancer, brain tumours, adrenocortical carcinoma and leukemias 41 . There is also an increased risk for Wilms' tumour, skin, gastrointestinal, lung, endometrial, ovarian, prostate and gonadal germ cell cancers 41, 42 . P-13 was a carrier of the known pathogenic sequence variant c.818G>A p.(Arg273His) in TP53 [43] [44] [45] [46] . However, the patient's family does not meet the classic LFS criteria nor the revised Chompret criteria for LFS ( Fig. 3) 41 . The patient was diagnosed with an early-onset BC (36 years), had a sister diagnosed with Wilms' tumour at age 6 and a father with a cancer of unknown origin diagnosed at age 55, thereby fulfilling the Birch criteria for LFS-like 47 . Knowledge of her family history was sparse, which might explain why the Li-Fraumeni/Chompret criteria were not met for TP53 testing. Today, the family would have been offered testing for sequence variants in TP53, amongst others. The TP53 c.818G>A p.(Arg273His) variant, identified in this family, is located at a position in the TP53 gene which is characterized as a common hotspot for somatic mutations 48 . The variant was identified in 33% of the sequence reads from P-13. Somatic pathogenic sequence variants in TP53 have been shown to increase in blood of women who have endured chemotherapy treatment 49 . Accordingly, this patient might have a somatic sequence variant. However, a skewed amount of reads may also be due to a technical artefact. Further family studies are needed to determine the nature of this variant.
Although several NGS studies of patients with BC and/or OC have identified LPVs/PVs in the MMR genes 9,12-14,17,23 , we did not identify pathogenic variants in MLH1, MSH2, MSH6 or PMS2. We identified the MLH1 c.[-28A>G; -7C>T] in three patients. These variants are located in cis and have been shown to reduce the expression of MLH1 by 50% from this allele 50 . However, according to gnomAD these variants are identified with a minor allele frequency of 0.8% in the www.nature.com/scientificreports www.nature.com/scientificreports/ Finnish population. Furthermore, as there is still 50% MLH1 tumour suppressor function from the mutated allele 50 , it may provide a sufficient amount of MLH1 transcripts and accordingly not contribute to an increased cancer risk. Morak et al. investigated the promoter region of MLH1 in 480 patients with colorectal cancer (CRC) and 1150 controls. They identified the variant in an individual with MLH1-proficient CRC and two individuals with non-Lynch syndrome tumours, all part of one of the control groups in the study. Additionally, they found biallelic expression in cDNA from the three individuals with this variant.
RAD51C c.1026+5_1026+7delGTA was identified in P-69, diagnosed with OC at age 52 and the family history included BC, OC and prostate cancer. Janatova and colleagues (2015) identified this variant in a patient diagnosed with OC and later endometrial cancer. They classified this variant as likely pathogenic as it affects splicing by causing skipping of exon 8, resulting in a frameshift with an premature stop codon (p.Arg322Serfs*22) 51 . Only one other pathogenic RAD51C variant has been identified in the Norwegian population, as far as we know.
A novel ERCC5 c.67G>T p.(Glu23*) was identified in a woman diagnosed with BC at age 49 (P-44) ( Table 2 ). The variant is predicted to introduce a stop codon, which will lead to transcripts that might be targeted for nonsense mediated mRNA decay (NMD). If ERCC5 is synthesized, it will lack most of the protein sequence. In addition, the variant is predicted to introduce a new cryptic 5′ splice site (ss) one nucleotide up-stream. The outcome of aberrant splicing using this cryptic splice site would lead to skipping of 23 nucleotides and a subsequent frameshift, introducing a premature stop codon (p. (Glu23Tyrfs*2) ). Another possibility is that of an alternative translational start site down-stream of this variant, since it is located in the first exon of the gene. However, the next in-frame start-codon is Met169 in exon 5. Usage of this methionine as a start codon has not been reported.
The LPV FANCM c.5101C>T, p.(Gln1701*) was identified in two patients; P-8 and P-41 ( Table 2 ). P-8 was diagnosed with BC at 56 years of age and P-41 was diagnosed with BC at age 69. Pathogenic variants in FANCM, including this variant, have previously been reported to confer an increased risk of BC 21, [52] [53] [54] [55] .
One of the patients in the study (P-90) carried the WRN variant c.1105C>T p.(Arg369*) and was diagnosed with BC at 57 years of age (Table 2 ). This variant introduces an early stop codon and has previously been reported in ClinVar and HGMDp as a pathogenic and disease mutation, respectively, in patients with Werner syndrome. Werner syndrome is an autosomal recessive disease characterized by the early appearance of features associated with normal aging and increased cancer risk 56 . Accordingly, heterozygous carriers might have an increased cancer risk 57 . This assumption is supported by another NGS study of breast cancer patients that identified a deleterious WRN sequence variant (c.4245dupT, p.(Asp1416*)) 13 . In addition, Ding and colleagues (2007) have also reported association between WRN and breast cancer 58 .
For some of these variants, such as the variants in ERCC5 and WRN, the link between a heterozygous pathogenic variant and BC/OC is not well defined. For women carrying these variants, there is no clinical benefit from the discovery of these variant as there are currently no management plans or reliable risk data. However, the discovery of such variants in patients with BC/OC may in the future lead to better-documented associations, and subsequently to reliable risk data and management plans for these patients.
NGS gene panels generally has its limitations; variants in non-target regions cannot be detected, some regions have gaps due to insufficient probe coverage, pseudogenes can cause misalignments of reads, repetitive segments can create technical artefacts reported as deletions/insertions, deletions covering entire exons may not be detected, etc. Additional BC and OC cases might have been resolved if we had resequenced the gaps using Sanger sequencing, as well as investigated untranslated regions and regions further out in introns than +/−10 nucleotides. Furthermore, no copy number variation analysis using NGS-data or MLPA was used to investigate these genes; accordingly, large deletions or duplications could go undetected.
The challenge with pseudogenes is well illustrated with the PMS2 gene, which has several. Amongst these pseudogenes, one in particular confers problems during NGS, the PMS2CL. This pseudogene consists of exons almost identical to exon 9 and 11-15, including intronic sequences. Accordingly, the software has difficulties in aligning the sequences to the correct genomic position. Two of our samples, P-56 and P-57 (from the same family), initially seemed to have a deletion of a part of the PMS2 gene. However, secondary evaluations of reads using IGV revealed that most of the reads aligned with the PMS2CL reference sequence. This may be the result of gene conversion between PMS2 and PMS2CL 59 . Gene conversion might mask variants due to faulty alignment of reads to both PMS2 and PMS2CL. Consequently, both genes should therefore be manually investigated in IGV. Alternatively, to prevent overlooking PVs in PMS2, examination of PMS2 cDNA, as proposed by van der Klift and colleagues, could be included in the screening for PVs 60 .
Our current study is starting to reveal the diversity of genetic cancer risk factors in a Norwegian cancer cohort. However, a much larger patient study is warranted to assess the appropriate distribution of variants in Norway. Additionally, several sequence variants were identified, for which the clinical significance is currently unknown. Accordingly, there is a need for robust functional assays to study the biological consequences of these variants. The study demonstrates the necessity for more knowledge from similar studies and the investigation of families with these PVs/LPVs. Increased knowledge may contribute to the development of new and more specific clinical management programs.
Patients and Methods
Patients and samples. This study included samples from 101 (P-1-P-101) Norwegian patients from 93 unrelated families (referred to the Department of Medical Genetics at the University Hospital of North Norway) diagnosed with BC and/or OC) ( Supplementary Table S1 ). All patients had previously been screened for PVs in BRCA1 and BRCA2, using Sanger sequencing/NGS and multiplex ligation-dependent probe amplification (MLPA), but no PVs, LPVs or VUSs were identified.
The cancer patients included in this study were divided in three groups, according to how they were recruited. Group 1 (n = 32) and 2 (n = 46) included patients previously tested for PVs in BRCA1/2 by Sanger sequencing. Samples from these patients were resequenced using the NGS technology. Group Compliance with Ethical Standards. The project was approved by the Norwegian Regional Ethics Committee (ref. nr. 2016/980) and all experiments were performed in accordance with guidelines/regulations. The committee allowed inclusion of samples from deceased patients (group 1) without informed consent. The committee approved exemption from written informed consent from patients in group 2, where passive informed consent was obtained instead. Written informed consent was obtained from patients in group 3.
Analysed cancer genes. The TruSight cancer sequencing kit (Illumina, San Diego, CA, USA) containing probes to enrich 94 cancer related genes was used. All 94 genes were scrutinized for nonsense and frameshift Library preparation and sequencing. Patients DNA samples were quantified using the Qubit dsDNA High Sensitivity (HS) assay kit (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) and measured on a Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific) according to manufacturer's protocol. Quantification of DNA samples was performed prior to DNA tagmentation, before DNA libraries were pooled, and for end-library validation. The HS DNA kit and the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) were used according to manufacturer's protocol for size-determination of tagmented fragments. Libraries were produced using the TruSight Rapid Capture kit (24 indexes) (Illumina) together with the TruSight Cancer sequencing panel. Sequencing was performed on a MiSeq Sequencer (Illumina).
Sequencing data analysis. Alignment and variant calling were performed using the MiSeq reporter software (version 2.6.2.3). The MiSeq reporter aligns the sequence reads against the reference genome hg19 using the Burrows-Wheeler Aligner (BWA) and calls variants using the Genome Analysis Toolkit (GATK).
Annotation and filtration of the sequenced variants were done using the Cartagenia Bench NGS software (Agilent). Variants were filtered based on call quality (≥30), genotype quality (≥20), R8 (deletion/insertion after eight mononucleotide or dinucleotide repeats), variant allele frequencies (≥0.2) and read depth (≥18). Variants which passed the quality filters were then filtered based on population allele frequencies (<1% in total populations of ESP6500, ExAC, 1000 genomes Phase 1 and 3, and dbSNP) and position in the gene (exons and up to +/−10 in introns).
The Integrative Genomics Viewer (IGV) (Broad Institute, Cambridge, MA, USA; https://www.broadinstitute. org/igv/) was used for manual inspection of certain regions. These regions included reported gaps (<30 reads) by the analysis software, inspection of variants passed filtering and the entire PMS2 gene, together with its pseudogene PMS2CL. In addition, one position was manually investigated for all samples, chr2:47641560 for variant MSH2 c.942+3A>T (intron 5). The position of the MSH2 variant needed manual investigation due to a poly A-stretch, inducing technical deletions/insertions artefacts that might mask this variant 61 . Nomenclature. Variants were named following the guidelines proposed by the Human Genome Variation Society (HGVS) nomenclature 62 . Reference sequences used are listed in Table 1 , and custom exon numbering was used for BRCA1 (missing exon 4).
Classification and Sanger sequencing confirmation. Primers were designed using the Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and evaluated using SNPCheck3 (www.snpcheck.net/). Primers were excluded if they aligned to sites that covered three or more single nucleotide polymorphism (SNP), if they included SNPs with a minor allele frequency above 0.5% or if SNPs occurred in the last five nucleotides of the primers 63, 64 . Primers are listed in Supplementary Table S3 . All primers included M13 forward and M13 reverse primer sequences, respectively, for sequencing purposes (M13.F: 5′-tgtaaaacgacggccagt-3′ and M13.R. 5′-caggaaacagctatgacc-3′).
In silico evaluation of the variants was done using Alamut ® Visual v.2.11.0 (Interactive Biosoftware, Rouen, France), which includes the missense prediction programs Align GVGD, SIFT, MutationTaster and PolyPhen-2. Alamut also contains the splice prediction tools SpliceSiteFinder-like (SSF), MaxEntScan (MES), NNSPLICE, GeneSplicer (GS) and Human Splicing Finder (HSF). In addition, Alamut interactive software provides results and/or links to the following databases used in this study: the Exome Aggregation Consortium (ExAC)/the Genome Aggregation Database (gnomAD), the Exome Variant Server (EVS), the Database of Short Genetic Variation (dbSNP) and ClinVar. The Human Gene Mutation Database Professional (HGMDp) was queried independently.
Classification of variants was performed based on the ACMG guidelines 65 , with some modifications leading to stricter classification criteria.
Data availability
The raw sequencing datasets generated during and/or analysed during the current study are not publicly available due to the privacy law/data protection law, which prohibit the disclosure or misuse of information about private individuals. However, screenshots from IGV of the reported sequence variants and surrounding regions can be obtained from the corresponding authors on reasonable request.
